Flavin-containing monooxygenases (FMOs) are important in detoxication but generally are considered not to be inducible by xenobiotics. Our recent microarray studies revealed induction of FMO2 and FMO3 mRNAs by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in liver of mice with wild-type aryl hydrocarbon receptor (AHR) but not in Ahr-null mice. The aim of the present study was to delineate mechanisms of FMO regulation. In adult male mice, basal FMO3 mRNA is low but was induced 6-fold at 4 h and 6000-fold at 24 h. The ED50 was approximately 1 g/kg for FMO2 and FMO3, similar to that for the classic AHR-regulated gene, Cyp1a1. In adult female mice basal FMO3 mRNA is high and was not induced at 4 h but was elevated 8-fold at 24 h. FMO5 mRNA was significantly downregulated by TCDD in both male and female adult mice. Juvenile mice show no sex difference in response to TCDD; FMO3 was induced 4 to 6-fold by TCDD in both sexes. Chromatin immunoprecipitation demonstrated recruitment of AHR and aryl hydrocarbon nuclear translocator proteins to Fmo3 regulatory regions, suggesting that induction by TCDD is a primary AHR-mediated event. Although FMO2 and FMO3 mRNAs were highly induced by TCDD in adult males, overall FMO catalytic activity increased only modestly. In contrast to the striking up-regulation of FMO2 and FMO3 in mouse liver, TCDD has little effect on FMO mRNA in rat liver. However, FMO2 and FMO3 mRNAs were highly induced in transgenic mice that express wild-type rat AHR, indicating that lack of induction in rat is not due to an incompetent AHR in this species.
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Flavin-containing monooxygenases (FMOs) are microsomal enzymes that convert lipophilic substrates to oxygenated metabolites that are more polar and hence more readily excreted. Substrates include a wide range of nitrogen-containing and sulfur-containing drugs and xenobiotics (for review, see Krueger and Williams, 2005) . FMOs are important for metabolism and detoxication of numerous therapeutic agents and environmental toxicants. However, FMOs can, in some circumstances, bioactivate particular substrates into reactive metabolites that cause toxicity. There are relatively few known endogenous substrates for FMOs, and their physiological functions are poorly understood (Krueger and Williams, 2005; Cashman and Zhang, 2006) .
The human genome contains genes encoding five functional FMO proteins (FMO1-5) along with six pseudogenes (FMO6P-11P) Cashman and Zhang, 2006) . FMO3 is the beststudied human FMO and is expressed at high levels in human liver (Cashman and Zhang, 2006; Phillips et al., 2007) . FMO3 has been identified as the enzyme responsible for oxidation of trimethylamine; mutations in the human FMO3 gene are responsible for the disease known as trimethylaminuria (fish odor syndrome) (Dolphin et al., 1997; Treacy et al., 1998; Motika et al., 2007; Yeung et al., 2007) . There is considerable variation in tissue distribution and species distribution of the different FMOs. In mice there are nine Fmo genes, Fmo1-6 and Fmo9, 12, and 13 (Hernandez et al., 2004) . FMO expression is affected by exogenous factors such as nutritional status (Fu et al., 2004) and by endogenous factors such as age, gender, and hormonal status. Mouse hepatic FMO activity typically is higher in adult females than in adult males, primarily because testosterone suppresses expression of Fmo1 and Fmo3 genes (Falls et al., 1997) . In female mice, constitutive hepatic FMO1, FMO3, and FMO5 mRNA levels peak at approximately 5 weeks of age then decline somewhat with further aging. In male mice FMO3 mRNA is maximal at 3 weeks and then is barely detectable after onset of sexual maturity . Several hormonal and other factors that regulate developmental expression and tissue-specific expression of FMO mRNAs have been identified (Luo and Hines, 2001; Hines, 2006) . Although FMO expression is subject to extensive regulation by endogenous factors, FMOs generally have been considered not to be inducible by xenobiotic chemicals (Krueger and Williams, 2005; Cashman and Zhang, 2006; Hines, 2006) . Recent microarray studies in our laboratory revealed substantial induction of FMO2 and FMO3 mRNAs by TCDD in livers of C57BL/6J mice that express wild-type AHR but not in Ahr-null mice (Tijet et al., 2006) . Patel et al. (2007) also detected induction of FMO3 mRNA by the AHR agonist, ␤-naphthoflavone, in mouse liver. In contrast to mouse, our expression array experiments in rat liver do not show significant FMO induction by TCDD (I. D. Moffat, P. C. Boutros, R. Pohjanvirta, and A. B. Okey, manuscript in preparation) .
The AHR is a ligand-activated transcription factor and a member of the basic-helix-loop-helix period-aryl hydrocarbon nuclear translocator (ARNT) single-minded family. Essentially all biochemical and toxic responses to TCDD and related halogenated aromatic hydrocarbons are mediated by the AHR (for review, see Okey, 2007) . Upon binding ligand the AHR translocates to the nucleus where it dimerizes with ARNT. The AHR/ARNT complex binds DNA sequences known as aryl hydrocarbon response elements (AHREs) and activates expression of AHR target genes (for review, see Hankinson, 2005; Okey, 2007) . The goal of the present work was to further define the AHRmediated mechanism by which TCDD induces FMOs in mice.
Materials and Methods
Chemicals and Reagents. TCDD used in studies in C57BL6/N mice was from Wellington Laboratories (Guelph, ON, Canada). TCDD used in studies in transgenic mice was purchased from the Ufa Oil Institute (Ufa, Russia) and was Ͼ99% pure as determined by gas chromatography-mass spectrometry. 5,5Ј-Dithiobis(2-nitrobenzoate) (DTNB), methimazole (MMI), dithiothreitol (DTT), and NADPH were from Sigma-Aldrich (St. Louis, MO). Mouse anti-AHR antibody (SA-210) was from BIOMOL Research Laboratories (Plymouth Meeting, PA); human anti-ARNT and rabbit anti-IgG antibodies were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Power SYBR Green PCR Master Mix, TaqMan Universal PCR Master Mix, and 96-well real-time polymerase chain reaction (PCR) plates were from Applied Biosystems (Foster City, CA). All other reagents were of the highest quality available from commercial sources.
In Vivo Experimental Design. Juvenile (3 weeks old) or adult (8 weeks old) male and female C57BL6/N mice were obtained from Charles River Laboratories (Montreal, QC, Canada) and were housed under a 12-h light/dark cycle and given food and water ad libitum. Care and treatment of the mice were in compliance with the guidelines of the Canadian Council on Animal Care, and the protocol was approved by the Hospital for Sick Children Animal Care Committee (Toronto, ON, Canada). Mice received i.p. injections of TCDD (30 g/kg b.wt.), dissolved in corn oil vehicle (Tijet et al., 2006) or corn oil alone and exposed for 2, 4, or 24 h. In the dose-response experiment adult male mice received injections of 0.1, 1.0, or 10 g/kg TCDD and were exposed for 24 h. Animals were sacrificed by cervical dislocation, and livers were snap-frozen and stored at Ϫ80°C for chromatin immunoprecipitation (ChIP) assays and enzyme activity assays, or liver samples were cut into smaller pieces and stored in RNAlater for RNA isolation and real-time PCR analysis.
Development of Transgenic Mice. Constructs for wild-type rat AHR ligated to an EF-1␣1 promoter were isolated from plasmids and microinjected into fertilized mouse oocytes with the C57BL/6JOlaHsd strain as recipient. The endogenous mouse AHR was then eliminated by selective crossing with Ahr-null mice. Expression of the transgene was confirmed by measurement of its mRNA (by real-time RT-PCR) and protein (by immunoblotting). The rat AHR transgene fully supports induction by TCDD of the classic AHRregulated mouse genes, Cyp1a1 and Cyp1a2, in liver and is expressed there at levels some 5 times higher than the endogenous wild-type AHR in C57BL/6 mice. The procedure will be described in detail in a forthcoming article (R. Pohjanvirta, manuscript in preparation) .
Real-Time RT-Quantitative PCR. Probes and primers for mouse FMO1 (NM_010231), FMO2 (NM_018881), FMO3 (NM_008030), FMO4 (NM_144878), and FMO5 (NM_010232) were designed using the Primer3 program (http:// frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) (Rozen, 2000) . Liver total RNA was isolated using a Spin Mini kit (GE Healthcare, Chalfont St. Giles, UK). Real-time RT-PCR was performed using 1 g of total RNA and random hexamer primers by a standard procedure. Two microliters of the RT reaction was used for each real-time quantitative PCR reaction. Each reaction mixture (25 l) contained optimized probe and primer concentrations as well as TaqMan Universal Master Mix. Expression levels of target mRNA were normalized to levels of 18S rRNA and analyzed using the comparative C T (⌬⌬ C T ) method. Primer sequences are given in Supplemental Table 1 .
In Vivo ChIP Assay. ChIP assays were performed according to Matthews et al. (2005) except that 100 to 120 mg of snap-frozen liver was homogenized and cross-linked in 1% formaldehyde, and the DNA was isolated using a PCR purification kit (BioBasic, Inc., East Markham, ON, Canada) and eluted in 50 l. ChIP DNA (1 l) was amplified by PCR with primers 5ЈAAGCCAAGC-CAGAAAATCAA3Ј and 5ЈTCGAGGAACAGAGTGCAATG3Ј for the mouse Fmo3 AHRE (Ϫ3183 to Ϫ3260 relative to the transcriptional start site). For real-time PCR, Power SYBR Green PCR Master Mix was used to amplify the DNA fragments.
Preparation of Hepatic Microsomes. Liver samples (100 mg) were homogenized with 5 volumes of ice-cold homogenization buffer containing 0.1 mM potassium phosphate, pH 7.5, with 0.1 mM EDTA and 1.15% KCl. The homogenate was centrifuged at 10,000g for 15 min at 4°C in a refrigerated centrifuge. The supernatant was centrifuged at 100,000g for 60 min at 4°C. The firmly packed microsomal pellets were resuspended by homogenization in 0.1 mM potassium phosphate, pH 7.5, with 0.1 mM EDTA and 0.25 M sucrose. Microsomes were stored at Ϫ80°C until use. The microsomal protein concentration was measured using the method of Bradford (1976) (BioRad kit; Bio-Rad Hercules, CA) with bovine serum albumin as the standard protein.
Enzyme Activity Assay. FMO activity was measured by monitoring MMI oxidation as described by Dixit and Roche (1984) . Sample and reference cuvettes contained a 1-ml mixture of 0.1 M Tricine-KOH, pH 8.5, 0.1 mM EDTA, 0.06 mM DTNB (in 0.1 M calcium phosphate buffer, pH 8.0), 0.025 mM DTT, 0.1 mM NADPH, 100 g of microsomal proteins, and 2.0 mM MMI. In brief, Tricine-EDTA buffer, NADPH, and microsomes were mixed and incubated at room temperature for 40 s. DTT, DTNB, and methimazole (in the sample cuvette only) were added, and the reaction was incubated at 37°C in the chamber of a recording dual-beam spectrophotometer (DU-65; Beckman Coulter, Inc., Fullerton, CA). Methimazole was added to the sample cuvette, and absorbance was recorded for 10 min at 412 nm. The reaction mixture excluding methimazole was used as reference.
Statistics. Statistical significance was tested using two-tailed unpaired t tests with Welch's adjustment for heteroscedasticity (Excel 2002; Microsoft, Redmond, WA) .
Results
Recent microarray studies from our laboratories showed induction of FMO2 and FMO3 mRNAs in livers of C57BL/6J mice exposed to TCDD but not in livers from AHR knockout (Ahr Ϫ/Ϫ ) mice (Tijet et al., 2006) . To determine the breadth of the FMO response to TCDD, in the current project we measured mRNA levels for the five most prominent FMOs in mouse liver. As recently reported by Siddens et al. (2008) , the most abundant hepatic mRNA under basal (untreated) conditions in adult C57BL/6J mice is FMO5. At a dose of 30 g/kg for 24 h, TCDD significantly suppressed FMO5 mRNA levels in both male ( Fig. 1 ) and in female mice (Fig. 2) . In contrast, mRNA levels for FMO1, FMO2, and FMO3 are low in untreated male mice, but each of these FMOs was highly induced by TCDD; indeed, the magnitude of mRNA induction for FMO3 in adult males was similar to that of the prototypical TCDD-inducible/AHR-regulated gene, Cyp1a1 (Fig. 1) . In female mice FMO1 and FMO2 mRNA levels were unaffected by 24-h exposure to TCDD, whereas FMO3 mRNA was 2500 CELIUS ET AL.
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To further characterize induction of FMOs we obtained doseresponse curves for TCDD induction of FMO2 and FMO3 mRNAs and found that the approximate ED50 values for induction of FMO2 and FMO3 are similar to that for CYP1A1 in male mice (Fig. 3) . In livers of male mice, induction of FMO2 and FMO3 mRNAs is significant within 2 h after TCDD injection and the magnitude of induction increases further at 4 h (Fig. 4) . In male mice the magnitude of FMO3 induction is dramatically elevated at 24 h, achieving mRNA levels approximately 6000-fold higher than those in control mice (Fig. 5A) .
In adult mice there is a notable sex difference in constitutive expression of FMO3 mRNA in liver in which mRNA levels in untreated animals are approximately 500 to 2300-fold higher in females than in males (Fig. 5, A and B) . The reason that the constitutive level is 2300-fold higher in females in the experiment shown in Fig.  5A but only 500-fold higher in the experiment shown in Fig. 5B is not known. However, the experiment shown in Fig. 5B was conducted several months after the experiment shown in Fig. 5A ; thus, the difference may reflect the sensitivity of basal FMO expression to many factors such as season and nutritional factors. The difference is not due to diurnal variation in basal expression because tissues in all experiments were harvested at a similar time of day-late morning. After 4 h of exposure to TCDD, there is no significant induction of FMO3 mRNA in females (Fig. 5B) , but FMO3 mRNA is induced approximately 6-fold in males (Fig. 5A) . After 24 h of exposure to TCDD, FMO3 mRNA in female mice does respond with an approximately 8-fold induction (Fig. 5B) . In juvenile mice (3 weeks old) basal levels of FMO3 mRNA are 15-fold higher in females than in males, but males and females exhibit a similar magnitude of FMO3 induction, approximately 4-fold, at this age (Fig. 6 ). Constitutive levels of FMO3 mRNA are higher in juveniles than in adults for both males (36-fold) and females (26-fold) (data not shown).
As described above, our previous experiments in Ahr-null mice indicated that induction of FMO2 and FMO3 was AHR-dependent (Tijet et al., 2006) . To gain further insight into the mechanism of induction, we performed ChIP assays to determine whether TCDD could evoke binding of the AHR and its dimerization partner, ARNT, to an enhancer region in the Fmo3 gene. Within 2 h after TCDD injection, both the AHR protein and the ARNT protein were recruited to the region Ϫ3260 to Ϫ3184 (relative to the transcription start site) that contains an AHRE; this TCDD-induced signal persisted at least up to 4 h (Fig. 7 ). There were no obvious differences in recruitment of AHR or ARNT between male and female mice (Fig. 7) .
Although mRNAs for FMO1, FMO2, and FMO3 are highly upregulated by TCDD in mice, as shown in our current study and previous study (Tijet et al., 2006) , we have found that in liver of TCDD-sensitive male rats carrying wild-type AHR, TCDD has negligible effects on FMO2 and FMO3 (I. D. Moffat, P. C. Boutros, R. Pohjanvirta, and A. B. Okey, manuscript in preparation). There are dmd.aspetjournals.org substantial differences in AH receptor structure between C57BL/6J mice and wild-type rat AHR (Moffat et al., 2007b; Okey, 2007) . To determine whether these differences underlie the lack of FMO induction in rats we measured FMO2 and FMO3 mRNA levels in TCDDtreated transgenic mice that express wild-type rat AHR in a C57BL/6J background. As shown in Fig. 8 , the wild-type rat AHR fully supports induction of the prototypical AHR-regulated gene, Cyp1a1, as well as FMO2 and FMO3 mRNAs in these transgenic animals. This result demonstrates that the failure of TCDD to up-regulate FMOs in rats is not the result of an inherent inability of wild-type rat AHR to regulate FMO genes.
We attempted to determine whether the large elevation of FMO mRNAs in TCDD-treated mice led to a corresponding increase in FMO proteins by performing immunoblotting with antibodies that had been raised against human FMO3. Because of a lack of specificity and high cross-reactivity with other proteins, it was not possible to distinguish FMO3 from other protein bands (data not shown). Unfortunately, suitable antibodies are currently not available for immunological characterization of mouse FMO proteins (Siddens et al., 2008) . Thus, as an alternative index to the effect of TCDD on FMO protein, we measured FMO catalytic activity with methimazole, a substrate that is metabolized by multiple species of FMO , FIG. 5 . Sex-dependent induction of FMO3 mRNA. Adult male and female mice were exposed to TCDD (30 g/kg) for 4 h (A) or for 24 h (B). FMO3 mRNA was measured by real-time RT-PCR, and levels are expressed relative to the level in control male mice set at 1.0. Note the difference in scales of the y-axes for male versus female mice and that the induction of FMO3 after TCDD exposure in females at 4 h is not significant (n.s.) relative to the female control set at 1.0. ‫,ءء‬ p Ͻ 0.01 compared with vehicle control (n ϭ 4).
FIG. 6. Lack of sex difference in magnitude of FMO3 induction in juvenile mice. Three-week-old male and female mice were exposed to TCDD (30 g/kg) for 4 h. Metabolism of methimazole was modestly but significantly increased in liver microsomes from TCDD-treated male mice but not in microsomes from female mice (Table 1) .
One possible explanation for the modest increase in methimazole metabolism despite very high mRNA induction is that TCDD might inhibit catalytic function of FMO enzymes by occupying active sites on the enzyme proteins. There is precedent for such a mechanism in the cytochrome P450 field in which TCDD has been shown to bind extensively to CYP1A2 protein and inhibit CYP1A2-mediated enzyme activity (Diliberto et al., 1997; Chen et al., 2003; Staskal et al., 2005 ). Thus, we tested the possibility that TCDD might inhibit FMO activity by adding TCDD directly to microsomal preparations in the FIG. 8 . FMO induction in mice that express a rat wild-type AHR transgene. Mice with the rat wild-type AHR transgene were treated with TCDD (5 g/kg), and liver was harvested 24 h later. mRNA levels for FMO2, FMO3, and CYP1A1 are given relative to the level in control mice for that particular gene set at 1.0. Bars for control FMO3 and control CYP1A1 are not visible when plotted on this scale. ‫,ءء‬ p Ͻ 0.01 compared with vehicle control (n ϭ 4). methimazole metabolism experiments. At a concentration of 1 M, TCDD had no effect on metabolism of methimazole (data not shown). Therefore, the low magnitude of the increase in FMO activity in TCDD-treated animals cannot be attributed to an inhibitory effect of TCDD on FMO enzyme function. In addition to liver, we also assessed possible induction by TCDD (30 g/kg for 24 h) of FMO2 and FMO3 mRNA in lung, kidney, small intestine, brain, and thymus of adult male mice. We did not observe significant induction in any of these tissues (data not shown).
Discussion
FMOs are subject to regulation by hormones (Falls et al., 1997; Janmohamed et al., 2004) and nutritional status (Fu et al., 2004) but usually are considered not to be inducible by xenobiotic chemicals (Krueger and Williams, 2005; Cashman and Zhang, 2006; Hines, 2006; Phillips et al., 2007) . However, we found that in mouse liver, especially in males, TCDD causes very large increases in mRNA levels for FMO1, FMO2, and FMO3. The AHR plays an essential role in this up-regulation as evidenced by our current ChIP assays and our previous experiments in Ahr-null versus wild-type mice, which showed that the AHR is required for induction of FMO2 and FMO3 mRNAs (Tijet et al., 2006) .
Prolonged feed restriction has been reported to increase FMO3 mRNA levels in mice (Fu et al., 2004) . Because TCDD is well known to reduce food intake in dioxin-susceptible rodents (Pohjanvirta and Tuomisto, 1994) , it might be argued that FMO up-regulation is a secondary response to reduced food intake rather than a direct, AHRmediated event. Our current study indicates that up-regulation of FMO3 mRNA is direct, via a rapid TCDD-induced recruitment of the AHR and ARNT proteins to an AHRE-containing enhancer region between Ϫ3260 to Ϫ3184 in the Fmo3 gene. Induction of FMO3 mRNA follows a pattern very similar to that of the classic AHRregulated gene Cyp1a1 in that 1) the dose-response curves for their induction by TCDD are similar, 2) their induction is abolished in Ahr-null mice, 3) their induction is accompanied by recruitment of AHR and ARNT proteins to AHREs in upstream enhancer regions, and 4) their induction occurs within a few hours after TCDD administration in vivo.
The dramatic elevation of FMO mRNA, particularly of FMO3 in male mice, is accompanied by only a modest increase in FMO catalytic activity measured with methimazole. Methimazole was reported to be metabolized by FMO1 and FMO3 but not FMO5 when mouse FMOs are expressed as fusion proteins in Escherichia coli . However, selectivity of substrates for different forms of FMO in various animal species in vivo remains poorly defined (Yeung and Rettie, 2006) . The limited information on selectivity creates difficulties in the FMO field because, in contrast to P450 enzymes, there is a general lack of "probe" substrates that are reliable indicators of catalytic function for specific forms of FMO.
It is possible that the abundant FMO mRNAs in TCDD-treated mice are not able to be effectively translated into their respective proteins. Numerous microRNAs are predicted to target mouse FMO2 and mouse FMO3 (Supplemental Table 2 ). We previously tested the effect of TCDD on expression of microRNAs in rodent livers (Moffat et al., 2007a) . Of the list of microRNAs that are predicted to target mouse FMO3 mRNA, we found that TCDD treatment caused an approximately 1.2-fold increase in levels of hsa-miR-519 in livers of C57BL/J mice. In addition, mmu-miR203 and mmu-miR-148b each are increased approximately 1.5-fold by TCDD in an AHR-dependent manner (Moffat et al., 2007a) ; these latter two miRNAs are closely related in sequence to miRNAs (mmu-miR-203* and mmu-148a*) that are predicted to target mouse FMO3 mRNA. It is conceivable that the concerted increase in levels of these three microRNAs in TCDDtreated mice interferes with translation of FMO3 mRNA into protein.
Our previous microRNA study (Moffat et al., 2007a ) also showed a 1.2-fold increase in hepatic levels of mmu-miR-203 in TCDD-treated mice; miR-203 is predicted to target mouse FMO2 mRNA, again providing a potential explanation for the relatively low increase in FMO catalytic activity compared with the large increase in FMO2 mRNA in TCDD-treated mice.
Mouse and rat are the two most extensively studied laboratory species in biochemistry, pharmacology, and toxicology. In regard to FMOs, there are notable differences in regulation between mouse and rat. As mentioned earlier, our initial expression array studies (Tijet et al., 2006) and the results of the current study show that FMO2 and FMO3 mRNAs are strongly up-regulated by TCDD in mouse liver, but this is not the case in rat liver (I. D. Moffat, P. C. Boutros, R. Pohjanvirta, and A. B. Okey, manuscript in preparation).
Moreover, for FMO1 the effect of TCDD is opposite in the two rodent species: FMO1 is significantly up-regulated in mouse liver (this study; Boutros et al., 2008) and significantly down-regulated in rat liver (Boutros et al., 2008) . Our experiments in mice that express transgenic wild-type AHR show that the rat AHR is fully competent to drive induction of FMO2 and FMO3 in mice, indicating that the lack of FMO induction in rat resides in differences in non-AHR regulatory factors between rat and mouse, perhaps in the FMO gene structures themselves. Our current ChIP studies in mice revealed binding of AHR/ARNT to an AHRE in an upstream enhancer region of the mouse Fmo3 gene. Although neither the rat nor the mouse Fmo3 gene contain full-length AHRE-I motifs in its up-stream regulatory regions, both contain extended AHRE-I motifs, as well AHRE-II and antioxidant response element motifs (Supplemental Figs. 1-4) . Very recently Klick et al. (2008) showed that structural differences in responsive elements in the promoter region can account for some differences among mammalian species in hepatic constitutive FMO3 expression. Although structural differences in aryl hydrocarbon response elements potentially could explain the fact that that FMO3 mRNA levels are highly up-regulated by TCDD in mouse but not in rat, our analysis of AHREs in the two species indicates that the difference in FMO inducibility cannot be explained solely by differences in regulatory motifs between their FMO3 genes (Supplemental Figs. 1-4) . Instead, epigenetic factors such as DNA methylation patterns, nucleosome placements, histone modifications, or the presence/absence of interfering or obligate partner proteins may be involved.
It is not known whether TCDD can induce hepatic FMO3 in humans. We aligned the mouse AHR-associated region with human and rat genomes by a BLAT analysis (Kent, 2002) (Supplemental Fig. 5 ). The mouse AHR-associated region showed minimal overlap with genomic sequences in human (26 of 78 base pairs aligning) or in rat (20 of 78 base pairs aligning). Furthermore, the aligned regions are on separate chromosomes from the FMO3 gene in each species. Taken together these results suggest that the AHR-binding element is part of a mouse-specific regulatory module and, at present, it cannot be inferred from promoter analysis in silico whether human FMO3 is likely to be inducible by AHR agonists.
In rodents there are substantial differences between males and females in FMO expression. In mice, previous studies (Falls et al., 1997; Cherrington et al., 1998; Janmohamed et al., 2004) as well as our current experiments show that constitutive FMO3 is highly expressed in liver of adult female mice but is virtually absent in livers of adult male mice. However, in juvenile animals, males express significant basal levels of FMO3 mRNA, and TCDD up-regulates FMO3 to a similar extent in both sexes (Fig. 6) . In mice, testosterone suppresses hepatic FMO3 and FMO1 (Falls et al., 1997) . We were surprised to find that the sex differences and response to sex steroids in rats are opposite to those in mice. In rats FMO3 expression is independent of the sex (Cherrington et al., 1998) , and treatment with testosterone elevates FMO levels rather than suppressing them (Dannan et al., 1986) . One way to view the effect of TCDD on FMO3 expression in mice is that TCDD overcomes the suppressive action of testosterone. Female mouse livers express high constitutive levels of FMO3 that could not be further elevated by TCDD after 2 to 4 h, whereas FMO3 mRNA levels in male livers were induced 6-fold upon exposure to TCDD for 4 h. After a 24-h exposure male liver FMO3 expression levels were increased by 6000-fold and achieved female-like levels of FMO3 mRNA. Female constitutive FMO3 expression levels were high and increased only by 8-fold upon exposure to TCDD for 24 h. The mechanism by which testosterone negatively regulates FMO3 in mice is not known. The suppression in FMO3 mRNA levels seen in adult male mouse liver was not observed in kidney and lung, indicating that FMO3 is subject to tissue-specific regulation in addition to apparent species-specific regulation. FMO enzyme activity was higher in female liver microsomes than in microsomes from male mice in our study, both in the constitutive state and after TCDD treatment.
In summary, our present study shows that multiple FMO mRNAs in mice can, indeed, be up-regulated by a xenobiotic chemical, TCDD. This induction is mediated by the aryl hydrocarbon receptor in a fashion similar to that for the classic AHR-regulated gene, Cyp1a1. Further analytical tools, including antibodies that are selective to individual mouse FMO isoforms and substrates that can discriminate among the isoforms will be necessary to fully reveal the downstream consequences of the profound up-regulation at the mRNA level.
